Abstract With the aim of upgrading current food waste (FW) management strategy, a novel FW hydrothermal pretreatment and air-drying incineration system is proposed and optimized from an energy and exergy perspective. Parameters considered include the extracted steam quality, the final moisture content of dehydrated FW, and the reactor thermal efficiency. Results show that optimal working condition can be obtained when the temperature and pressure of extracted steam are 159°C and 0.17 MPa, the final moisture content of dehydrated FW is 10%, and the reactor thermal efficiency is 90%. Under such circumstance, the optimal steam energy and exergy increments reach 194.92 and 324.50 kJ/kg-FW, respectively. The novel system is then applied under the local conditions of Hangzhou, China. Results show that approximately 2.7 or 11.6% (from energy or exergy analysis perspective) of electricity can be additionally generated from 1 ton of MSW if the proposed novel FW system is implemented. Besides, comparisons between energy and exergy analysis are also discussed.
Introduction
Food waste (FW) occupies a relatively high mass ratio of municipal solid waste (MSW) in many countries. FW is characterized as high moisture content and low heating value, and the humid nature hence would bring adverse effects on the whole MSW management system when FW is mixed with other waste fractions. FW is easily contaminated and contains various bacteria, and thus could seriously threaten human health (Liu et al. 2016) . Besides, greenhouse gases such as CO 2 and CH 4 produced during its biodegradation may also cause considerable environmental problems (Mahmood et al. 2016 ). However, apart from being a pollutant of concern, FW can also be regarded as an important bio-resource. Therefore, the proper management of FW is of great importance to minimize environmental burdens and also to achieve energy recovery.
Along with the development and popularization of waste source-separated collection, FW treatment separately from mixed MSW becomes possible. Generally, the presently available FW treatment technologies include landfill, composting, anaerobic digestion (AD), and thermal methods. Among these, landfill is the most widely used method. However, leachate and land occupation cause serious troubles (Sotiropoulos et al. 2016) . Given this fact, EU has launched the Directive 2003/33/EC, regulating that waste landfill is prohibited if the total organic carbon content is higher than 5% (Communities 2003; 16) . On the other hand, biological technologies, such as composting and AD, have been recognized as effective approaches to convert FW to bio-resource (Müller 2007) . Nevertheless, the applications of AD or composting in developing countries are still restricted due to inadequate operations, treatment capacities, long processing periods, and enrichment of heavy metals (Boldrin et al. 2010; Lundie and Peters 2005) . Thermal treatments, for example incineration, can achieve both FW volume reduction and energy/heat recovery. However, incineration of FW alone seems inappropriate due to its high moisture content and low heating value. Typically, FW is usually mixed with other MSW fractions and deposited in incineration plant (Pham et al. 2015) . Under such circumstance, a considerable amount of energy will be consumed for the evaporation of the moisture contained in FW, thus leading to a significant reduction of the overall plant energy efficiency (Latif et al. 2012) . Therefore, advanced processing to convert FW in an energyefficient and environmental-friendly way becomes essential.
Drying of FW before incineration is considered to be an attractive potential approach. By reducing the moisture content beforehand, mass and volume of FW could be significantly reduced, and also, its heating value can be effectively increased. The dehydrated FW can thus be regarded as a promising bioresource for subsequent use (Sotiropoulos et al. 2015) . Up to date, several studies have focused on the characteristics of FW drying and/or the further processing techniques (Choi et al. 2015; Dobric 2014; Lai et al. 2009 ). Sotiropoulos et al. investigated the drying kinetics of FW, indicating that FW drying is greatly affected by temperature and to a smaller scale by air velocity (Sotiropoulos et al. 2016 ). Choi et al. studied the drying characteristics of food waste mixtures by microwave/innercycle thermal-air drying method, resulting in the final moisture content of 5.8% (Choi et al. 2015) . However, pre-drying of FW is also quite energy consuming and costly, since a high amount of enthalpy is required to evaporate the moisture contained. In order to overcome such defect, thermal hydrolysis (TH) pretreatment has become a potential FW pretreatment method, which occurs prior to drying process. The concept of TH is to use water as reaction medium to break cell walls of organic matters by heat and pressure (Chen et al. 2017) . Through TH pretreatment, the dewaterability of FW can be remarkably improved; meanwhile, the reaction medium (water) inside the sealed reactor is maintained in the liquid form to save the latent heat of water evaporation Schieder et al. 2000) . Realizing this advantages, John Lee introduced a series of innovations associated with the method and apparatus for the pretreatment of biodegradable organic wastes using TH pretreatment and demonstrated TH pretreatment followed by AD of the solubilized fractions, and combustion of the residues potentially provides an economically attractive and environmentally friendly disposal alternative for organic wastes (Lee Jr 2005 , 2007 . Yangyang Li et al. evaluated the effect of TH on the utilization of FW based on the principle of split phase processing, including the subsequent energy recovery from solid residues, liquid phase, and floating oil (Li et al. 2016) . Similar researches were also conducted by Lissens et al. (2004) and Kumar et al. (2009) .
On the basis of the aforementioned knowledge, a novel FW hydrothermal pretreatment and air-drying incineration system are proposed in the present work. In the proposed system, FW is firstly hydrolyzed and dehydrated in a pretreatment system, and then, it is mixed with other MSW fractions to be treated in a incineration plant. Energy savings could be obtained from the novel FW treatment system as a result of fuel quality improvement.
However, despite of the potential benefits, the feasibility and stability of the proposed novel FW treatment system has not yet been practically examined. Therefore, a thorough thermodynamic performance evaluation of the system is essential. Energy and exergy analyses are effective thermodynamic methods for the assessment of thermal systems and are conducted in the present study (Dincer 2002; Sarker et al. 2015) . Energy analysis is used to judge the system by accounting and comparing the amount of energy inputs and outputs. However, it considers only the quantity but ignores the quality of energy streams according to the conservation law, thus may unfortunately lead to misunderstandings when applied to thermal systems (Tang et al. 2016) . Therefore, exergy analysis is also conducted to incorporate energy quantity and quality at the same time. Exergy is defined as the maximum potential of work obtainable from a substance or a system while it approaches to the reference environment reversibly (Yamankaradeniz 2016) . By conducting exergy analysis, the thermodynamic performance of the novel FW treatment system can be identified from an energy quality perspective.
Accordingly, in the present work, the management of FW by means of hydrothermal pretreatment and air-drying incineration is proposed. Energy and exergy optimizations of the novel FW treatment system are compared to evaluate the thermodynamic performance by varying the process parameters. The effects of the extracted steam qualities, the final moisture content of the dehydrated FW, and the reactor thermal efficiency on the steam energy and exergy increments are taken into consideration. Besides, a case study under the specific condition in Hangzhou city, China, is also conducted. The obtained results could be valuable in the future to provide an energy efficient and environmental sustainable strategy for FW management.
Systems and methods

Descriptions of the novel FW treatment system
In the present study, a novel FW treatment system is proposed, as depicted in Fig. 1 . Compared with conventional waste incineration (where mixed MSW is incinerated), FW is firstly pretreated in a sealed reactor by TH reaction at temperature of 145-170°C for typically 10-40 min (Solheim and Nilsen 2014) . The heating source used in this stage is from the steam extracted at a low temperature and pressure from the turbine. When TH reaction is finished, the reactor is subjected to a quick pressure reduction, so that a fast outflow of water vapor from the reactor is achieved by flash evaporation. In this case, the waste heat from the reactor can be further recovered. By TH pretreatment, the internal structure and cell walls of FW are destroyed. And bound water inside the FW gradually converts to free water, resulting in a remarkable improvement of FW dewaterability, and the moisture contained can be easily reduced (Feng et al. 2015; Song et al. 2014 ).
Energy analysis model development
Based on the novel FW treatment system proposed, a thermodynamic analysis model is developed. The conventional waste incineration, which burns mixed MSW directly, is used as the comparison basis to identify the energy savings from the proposed system. In order to simplify the calculation, following assumptions are made:
(1) the temperature and pressure of high-quality main steam remain unchanged; (2) the heat losses from the boiler are kept the same except for exhaust energy losses; (3) the thermal efficiency of the boiler remains unchanged.
TH reaction is conducted in a batch reactor at a typical temperature of 150°C for 30 min (Liu et al. 2015; Solheim and Nilsen 2014) . FW is fed into the reactor with a quantitative amount of additional water, and then is heated to the desired temperature. It is assumed that the reactor is completely filled with water and no water is evaporated inside the reactor. Heat absorbed by air in the reactor is not taken into consideration (Liu et al. 2011) . Therefore, the energy absorbed by the reactor is divided into two parts, by water in the reactor and by organic matter contained in FW, which can be described as follows (Stabnikova et al. 2008) :
where Q reactor represents the energy required for reactor heating; C organic and C water are the specific heat capacity of organic matter and water with values of 0.89 J/(g°C) and 4.18 J/(g°C), respectively; M organic and M water are the mass flow rate of organic matter and moisture contained in raw FW; k is the amount of additional water; Δt is the difference between the TH reaction temperature (150°C) and the ambient temperature (25°C). As aforementioned, the TH process is driven by the heat energy of the steam extracted from the turbine. According to the enthalpy balance of the TH process, the extracted steam flow rate to hydrothermally pretreat 1 kg of FW can be obtained as follows:
where F steam represents the extracted steam mass flow rate; h j and h c0 are the specific enthalpy of the extracted steam and condensate; η reactor stands for the thermal efficiency of reactor. After being hydrothermally pretreated, FW is naturally dried by air for 1 day to further decrease the moisture content. And then it is mixed with other MSW fractions and fed into the incinerator. Due to the reduction of the final moisture content of the dehydrated FW, the exhaust gas heat loss from the boiler can be reduced. And the energy savings can thus be obtained from the novel FW treatment system. The energy savings of the system proposed is described as follows:
where ΔQ exhaust represents the energy savings due to exhaust heat energy loss reduction; F water is the mass of removed water from dehydrated FW; h vapor and h w0 are the specific Fig. 1 Conceptual graph of the proposed FW thermal hydrolysis pretreatment and air-drying incineration system enthalpies of vapor in boiler exhaust and water in dehydrated FW.
On the other hand, the energy consumption of the proposed system occurs due to steam extraction. By extracting the steam from the turbine, energy content of the steam to drive the turbine is reduced. Therefore, energy consumption can be obtained by the following:
where ΔQ steam represents the energy content of extracted steam. According to the assumptions that the temperature and pressure of the high-quality main steam remains unchanged, the overall steam energy increments of the novel FW treatment system can be obtained by comparing the difference between the energy savings and the energy consumptions as follows:
where E system represents the overall steam energy increments from the novel FW treatment system; a 0 and a are the moisture content of raw FW and dehydrated FW, respectively.
Exergy analysis model development
Energy analysis is based on the first law of thermodynamics, considering quantitative balance of energy flows. However, the second law of thermodynamics indicates that entropy of an irreversible process tends naturally to increase, which means the quality of energy may decrease even though its quantity remains unchanged. Especially for power generation systems, steam with the same quantity amount of energy may differ significantly in power capabilities due to the variation of temperature and pressure. Realizing this fact, an exergy analysis of the novel FW treatment system is also conducted. To perform exergy analysis, a reference state is defined with temperature (T 0 ) of 298.15 K and pressure (P 0 ) of 101.3 kPa. Accordingly, the exergy content of a flow of substance is given as follows:
where e, e ph , and e ch represent the exergy, physical exergy, and chemical exergy content of the flow, respectively. The physical exergy of a fluid stream per unit mass can be obtained by the following (Mahmood et al. 2016 ):
where h and h 0 are the specific enthalpies of the stream at a given condition and the reference state; s and s 0 are the specific entropies of the stream at a given condition and the reference state; v 2 /2 and gz represent the kinetic and potential exergy content of the stream. Generally, the values of kinetic exergy and potential exergy are relatively small, and thus negligible in the analysis (Zhang et al. 2012) .
The chemical exergy content of a flow of substance per unit mole can be obtained by means of an exergy balance of its formation reaction as follows (Rivero and Garfias 2006) :
where n r and n pr represent the stoichiometric coefficients of the reactants and the products; e 0 r,m and e 0 pr,m are the exergy caused by the diffusion of reactants and the products; ΔG(p 0 ,T 0 ) is the change of Gibbs free energy caused by the formation reaction.
As discussed previously, due to the dehydrated FW moisture content reduction, the energy savings are obtained. Therefore, more energy can be available to create the high-quality main steam in the boiler. The amount of additionally generated highquality main steam can thus be estimated as follows:
where Fmsteam is the mass flow rate of the additionally generated high-quality main steam; h msteam and h wf are the specific enthalpies of the high-quality main steam and feed water. Therefore, the steam exergy increments of the proposed system are determined by the exergy content of the additionally generated high-quality main steam and the exergy content of the extracted steam and can be described as follows:
where e system represents the exergy increments of the novel FW treatment system; e msteam and e wf are the specific exergy content of the high-quality main steam and feed water; e j and e co are the specific exergy content of the extracted steam and condensate.
System optimization
Based on the aforementioned energy and exergy analyses model, a thermodynamic optimization of the novel FW treatment system is presented. Three varied parameters, i.e., the extracted steam quality, the final moisture content of the dehydrated FW (a), and the thermal efficiency of the reactor (η reactor ), are investigated, with the purpose to evaluate the feasibility of the model as well as to obtain the optimum working condition of the system proposed. During the optimization, when comparing the effect of one parameter, the other two parameters are kept constant to reduce the interference. The original waste incineration system considered uses the Rankine cycle with steam extraction and without reheating. This system is regarded as the most typical used arrangement in a medium-scale waste incineration plant (Bianchi et al. 2014; Branchini 2015) . The main operation and calculation parameters used in the calculation are presented in Table 1 .
Effect of the extracted steam quality
The temperature and pressure of the extracted steam are the dominant parameters in the novel FW treatment system, since they directly determine its mass flow rate and total amount of energy consumed. Therefore, the effect of extracted steam quality is discussed. Steam extracted from different points of the turbine is selected, with the corresponding steam quality (temperature and pressure) presented in Table 2 .
The steam energy and exergy increments of the novel FW treatment system as a function of the extracted steam are depicted in Fig. 2 . Results reveal that positive steam energy and exergy increments can be obtained at these calculation conditions. From the perspective of energy analysis, the steam energy increment remains constant as 194.92 kJ/kg-FW when changing the extracted steam temperature and pressure. This means that approximately 194.92 kJ of additional steam energy can be acquired by hydrothermally pretreating 1 kg of FW in the novel FW treatment system when it is compared with the conventional mixed MSW incineration system. And the decrease of the extracted steam quality does not affect the total energy increments. It could be explained by the fact that the energy is quantitative conservation; the total amount of the energy contained in the extracted steam directly depends on the energy consumed in HT process and is kept constant under the tested conditions. Changing the temperature and pressure of the extracted steam will only lead to the variation of its mass flow rates.
However, the results are quite different from the exergy analysis perspective. The steam exergy increment is remarkably increased from 211.91 to 324.50 kJ/kg-FW with the decrease of the extracted steam quality. Among the calculation conditions, the steam extracted from the 5th extraction point leads to the maximum exergy increment, while conversely, the extracted steam with the highest temperature and pressure leads to the inferior performance. This is mainly because the energy contained in the extracted steam is characterized as a low-quality energy source. Because the extracted low quality steam has already been used to drive the turbine beforehand and its exergy content is thus much lower than its energy content, in this manner, the energy consumed in TH pretreatment process to heat the reactor is from the extracted steam, and thus, it is characterized as low-quality energy with low exergy content. On the other hand, due to the energy savings from the novel FW treatment system, more high-quality main steam can be additionally created in the boiler. The additionally generated high-quality main steam has a higher temperature and pressure (as stated in Table 1 , 430°C, 3.43 MPa), and thus has a higher exergy content. Therefore, the steam exergy increment is higher than the corresponding steam energy increment and the exergy increment is increased when decreasing the extracted steam quality.
Effect of the final moisture content of dehydrated FW
After being hydrothermally pretreated, FW is naturally dried by air to lower its moisture content, as previously mentioned. The final moisture content of the dehydrated FW directly determines the energy savings from the reduction of the exhaust gas heat energy loss. Therefore, the effect of the final moisture content is investigated, and the results are presented in Fig. 3 . (Branchini 2015) b From reference (Dong et al. 2013) c From reference (Solheim and Nilsen 2014) Results reveal that lower final moisture content of the dehydrated FW could significantly facilitate the steam energy and exergy increments of the novel FW treatment system. In this calculation, when the final moisture content is decreased from 60 to 10%, the steam energy and exergy increments increase from −929.77 and −50.09 kJ/kg-FW to 194.92 and 324.50 kJ/kg-FW, respectively. This is mainly attributed to the reduction of the moisture fed into the incinerator, which reduces the heat energy being taken away by the water vapor in flue gas. Hence, more high-quality main steam can be additionally created in the boiler. However, it is also worth mentioning that negative steam energy and exergy increments of the system proposed are obtained when the moisture content is higher than 20 and 50% in energy and exergy analyses, respectively, indicating that the system does not mean absolutely energy efficient. It is quite reasonable, since the final moisture content of the dehydrated FW directly determines the total amount of the energy savings. Therefore, if the final moisture content is too high, less additional main steam energy is produced in the boiler compared with the extracted steam energy consumed in TH process. And adverse effects will thus occur to the thermodynamic behavior of the novel FW treatment system. Fortunately as previously discussed, literature results have demonstrated that the moisture content of the dehydrated FW can be reduced to ca. 10% after naturally air-drying due to the significant improvement of dewaterability by TH pretreatment (Chenglong 2013; Sotiropoulos et al. 2016 ). Under such condition, the steam energy and exergy increments can reach 194.92 and 324.50 kJ/kg-FW, respectively.
Effect of the thermal efficiency of the TH reactor
The influence of the TH reactor thermal efficiency is also evaluated, and the results of which are shown in Fig. 4 . Results indicate that the steam energy and exergy increments reduce sharply from 194.92 and 324.50 kJ/kg-FW to −263.52 and 245.98 kJ/kg-FW when the reactor thermal efficiency is decreased from 90 to 70%. It is notable that when the thermal efficiency is lower than 80%, the negative steam energy increments are obtained, which means that more extracted steam energy is consumed compared with the additionally produced energy contained in the high-quality main steam. The reason may be attributed to the huge amount of energy losses when heating the reactor at low reactor thermal efficiencies. In this sense, positive steam energy increments can be achieved only at the conditions of thermal efficiency higher than 85%. However, from the perspective of exergy analysis, positive steam exergy increments can always be obtained at the calculation conditions. This is mainly due to the exergy content difference between the low quality consumed extracted steam and the high quality additionally generated main steam. Although more steam energy is consumed under certain conditions, less extracted steam exergy content is used compared with the additional exergy generation from the high-quality main steam. Therefore, positive steam exergy increments can always be obtained under such calculation conditions. In general, for all the calculation conditions, optimal working condition of the novel FW treatment system is obtained when the steam used for TH pretreatment is extracted from the 5th extraction point, with temperature of 159°C and pressure of 0.17 MPa; the final moisture content of the dehydrated FW is 10%; and the thermal efficiency of the TH reactor is 90%. The corresponding parameters are presented in Table 3 . Under such circumstance, the novel FW treatment system steam energy and exergy increment reaches 194.92 and 324.50 kJ/kg-FW, respectively.
Case study
After the optimization, a case study with special regard to practical condition is also conducted to estimate the overall additional amount of electricity generation from the novel FW treatment system. Hangzhou city, the capital city of Zhejiang Province in south China, is selected as the case study city. The MSW composition and ultimate analysis of food waste are presented in Table 4 (Chi et al. 2015; Dong et al. 2014 ). Since 2010, MSW source-separated collection project was launched in Hangzhou city. In this project, MSW was classified and collected by four categories: FW, recyclables, hazardous waste, and other residual waste, followed by different treatment methods for these waste streams (Center 2010). According to the municipal report, approximately 363.8 thousand tons of FW is separately collected and transported in Hangzhou in 2013 (Dong et al. 2013 ). However, this waste stream is disposed directly by landfilling instead of being efficiently recycled in the waste management system, leading to serious environmental burdens and resource depletion. Realizing this fact, the proposed FW pretreatment and incineration system are quite practicable to deal with this waste stream. Therefore, a case study is carried out to identify the achievement by implementing the novel FW treatment system under the local conditions of Hangzhou city.
The optimal working condition of the system proposed stated above is adopted for the estimation and the corresponding parameters used are listed in Table 5 . The optimal steam energy and exergy increments are 194.92 and 324.50 kJ/kg-FW, respectively. As for the electricity generated from the subsequent turbine-generator system, the average steam energy and exergy to electricity efficiencies are 31.6 and 81.01%, respectively (Baran et al. 2016 ).
Under such circumstance, the additionally generated electricity by TH pretreatment of 1 kg of the source-separated collected FW from the proposed system can be estimated as 0.0171 kWh/kg-FW from energy analysis and 0.0730 kWh/ kg-FW from exergy analysis. The total amount of the additional electricity generation can be obtained by the following:
where U en and U ex are the additionally generated electricity from the novel FW treatment system from energy and exergy perspective, respectively; M FW is the total amount of the separated collected FW treated in the proposed system. To better reflect the effect of the proposed system, a parallel comparison between conventional mixed MSW incineration system and the proposed novel FW hydrothermal pretreatment and air-drying incineration system are discussed. For conventional mixed MSW incineration system, a commercial incinerator located in Hangzhou city is selected with a treatment capacity of 1200 ton/day. The electricity generation efficiency is estimated to be approximately 20% based on the lower heating value of mixed MSW (Dong et al. 2014) . Therefore, the electricity generation amount of 1 ton mixed MSW is calculated as 367.4 kWh. When the proposed system is implemented, the hydrothermally pre-treated food waste is mixed with the separately collected other waste according to the initial mass ratio and fed into the incinerator in order to make sure the consistence of the total amount of combustible substances. Under such circumstance, the total electricity generation amount of 581.5 kg food waste and 418.5 kg other waste (equal to 1 ton of mixed collected MSW) is 377.4 or 409.9 kWh from energy or exergy analysis perspective. In this sense, approximately 2.7 or 11.6% (from energy or exergy analysis perspective) of electricity can be additionally generated for 1 ton of MSW if the proposed novel FW system is implemented.
Comparisons and recommendations
Based on the obtained results, a comparison between energy analysis and exergy analysis is discussed. In this study, both the two analysis methods are used to evaluate and optimize the thermodynamic behavior of the proposed novel FW treatment system. Results reveal the fact that under all the calculation conditions, the steam exergy increment of the steam is always higher than the corresponding steam energy increments. Even conflicting conclusions would be obtained from several circumstances. In order to better understand the differences between energy and exergy analysis, a detailed calculation case is presented and discussed as following. Figure 5 represents the calculation details of a specific working condition, in which the steam is extracted from the 5th extraction point, the final moisture content of the dehydrated FW is 10%, and the reactor thermal efficiency is 75%. In this condition, when energy analysis is applied, the energy content of the extracted steam (1925.5 kJ) is higher than the energy content of the additionally generated highquality main steam (1799.5 kJ), resulting in a negative steam energy increment of −125.99 kJ/kg-FW. Therefore, the conclusion can be drawn that the implementation of the novel FW treatment system is not energy efficient under such condition. However, from the perspective of exergy analysis, a positive steam exergy increment of 269.53 kJ/kg-FW is obtained, since the exergy content of the extracted steam is lower than that of the additionally generated high-quality steam. Therefore, more electricity can be generated from the system since the steam exergy content (i.e., the energy potential to do work) is increased. Obviously, conflicting conclusions are obtained. This phenomenon can be explained by the difference of energy quality of steam. In energy analysis, the extracted steam is considered identical with the high-quality main steam when they contain the same amount of energy; however, this kind of calculation ignores their difference in the energy quality, i.e., the extracted steam exhibits a lower quality than the main steam since its temperature and pressure is lower. Nevertheless, this problem can be overcome from an exergy analysis perspective by taking into account the energy quality. Therefore, energy analysis alone may lead to misunderstandings, and exergy analysis is essential for the evaluation of thermal systems.
Overall, the different analysis results from the two methods could eventually attribute to the fact that energy analysis focuses on the quantitative balance of the input and output energy streams of a system with ignoring the energy quality, while exergy analysis incorporates both the quantity and quality of different energy forms. Therefore, exergy analysis can be regarded as a good supplement to energy analysis. However, compared to energy analysis, exergy analysis has not received enough attention and is not always conducted when evaluating thermal systems. Therefore, it is strongly recommended that exergy analysis, besides the most commonly used energy analysis, is also essential to be conducted (Dong et al. 2013) b From reference (Baran et al. 2016) c Estimated according to steam energy to electricity efficiency to better understand the thermodynamic behavior of a target energy system.
Conclusions
The novel FW treatment system based on TH pretreatment and air-drying incineration is proposed and optimized. Results reveal that under the calculation conditions, the optimal performance is achieved when the temperature and pressure of the extracted steam are 159°C and 0.17, the final moisture content of the dehydrated FW is 10%, and the reactor thermal efficiency is 90%. The optimal steam energy and exergy increments reach 194.92 and 324.50 kJ/kg-FW. The case study indicates that approximately 2.7 or 11.6% (from energy or exergy analysis perspective) of electricity can be additionally generated for 1 ton of MSW if the sourceseparated collected FW is firstly pre-treated in the novel FW treatment system and then managed with other waste in incineration plant. Fig. 5 Calculation details of the novel FW treatment system at conditions of the steam extracted from the 5th point, the final moisture content of 10%, and the reactor thermal efficiency of 75%
